This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. Abstract Background/Aims: Hyperuricemia is an independent risk factor for chronic kidney disease and cardiovascular disease. Here, we examined the combined protective effects of Chinese herbal formula Si-Wu-Tang and Er-Miao-San on hyperuricemia and renal impairment in rats. Methods: Rats were randomly divided into normal rats, hyperuricemic rats, and hyperuricemic rats orally administrated with benzbromarone (4.5 mg·kg ) daily for 4 weeks. Serum uric acid, creatinine, total cholesterol (TCH), triglyceride and blood urea nitrogen (BUN) concentrations, as well as urinary uric acid and microalbuminuria were measured weekly. Serum xanthine oxidase (XOD) activity and renal histopathology were also evaluated. The renal expression of organic anion transporter 1 (OAT1) and organic anion transporter 3 (OAT3) was detected by western blot. Results: Si-Wu-Tang plus Er-Miao-San lowered serum uric acid, creatinine, triglyceride and BUN levels to a greater degree than did Si-Wu-Tang alone. Si-WuTang plus Er-Miao-San ameliorated microalbuminuria and renal histopathology, as well as decreased serum TCH concentration and XOD activity in hyperuricemic rats. Combination of Si-Wu-Tang and Er-Miao-San also led to a greater increase in OAT1 and OAT3 expression than did Siwutang alone. Conclusion: Si-Wu-Tang and Er-Miao-San synergistically ameliorated hyperuricemia and renal impairment in rats through upregulation of OAT1 and OAT3.
Introduction
The overall prevalence of chronic kidney disease (CKD) in China was 10.8% and there were about 119.5 million Chinese patients with CKD [1] . Hyperuricemia is an independent Guo et 
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potassium oxonate were suspended in distilled water at the concentration of 80 g/L. Benzbromarone, purchased from from Heumann Pharma GmbH, Germany, was suspended in distilled water and then stored at 4°C before use. Benzbromarone was given to rats at 4.5 mg·kg
.
Animal study
All the animal procedures were performed in accordance with the "Guide for the Care and Use of Laboratory Animals" published by the National Institutes of Health. All the animal protocols were approved by the Animal Ethics Committee of Shanghai University of Traditional Chinese Medicine, Shanghai, China. Healthy male Sprague-Dawley rats weighing 180 to 200 g, purchased from Experimental Animal Center, Shanghai University of Traditional Chinese Medicine, Shanghai, China., were housed in an air-conditioned room at 22 ± 2°C on a 12:12-h light-dark cycle. Animals were fed a standard diet and given water ad libitum. After 1 week of acclimation, rats were randomly divided into five groups (n = 10/each group): (1) normal rats used as control (NC); (2) hyperuricemic rats (HU); (3) hyperuricemic rats treated with benzbromarone (BM); (4) hyperuricemic rats treated with Si-Wu-Tang (SW) and (5) hyperuricemic rats treated with SiWu-Tang plus Er-Miao-San(SW + EM). Rats were treated for 4 weeks. Hyperuricemia was induced in rats by orally garage with adenine (0.1 g·kg
) and potassium oxonate (1.5 g·kg
) daily for 4 weeks. The normal control and hyperuricemic control rats received the equal volume of saline within the same time. Rats were kept in individual metabolic cages for 24 h urine collection. Urine was centrifuged at 800g for 10 min at 25°C .Whole urine was stored at -70°C and thawed just before use. Urine microalbumin, creatinine and uric acid concentrations were detected by an automatic biochemistry analyzer (Hitachi Model 7600, Japan). Rats were then anesthetized with pentobarbital sodium and the blood samples were taken through the abdominal aorta for measuring XOD activity, as well as biochemical parameters, including blood urea nitrogen (BUN), creatinine (Cr), total cholesterol (TCH), and triglyceride (TG) concentrations by an automatic biochemistry analyzer (Hitachi Model 7600, Japan). Serum uric acid, creatinine, TCH, TG, BUN concentrations, as well as urinary uric acid and microalbuminuria were measured weekly. Animals were then killed and the kidneys were harvested immediately. The cortex from transversely bisected left kidneys was snap-frozen in liquid nitrogen and stored at -70°C for protein extraction.
Light microscopy
That of the right kidneys was fixed with 10% buffered formalin and embedded in paraffin for histological evaluation. The kidneys were cut into 3 µm sections and stained with hematoxylin and eosin. The sections were also stained routinely with Masson's trichrome. The sections were then examined by light microscopy in a blind fashion.
Measurement of serum xanthine oxidase (XOD) activity
The activity of XOD in serum was determined using the assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), according to the manufacturer's instruction. Serum XOD activity was determined by UV spectrophotometer (Shimadzu Corporation, Japan).
Western blotting
Tissue samples from renal cortex were homogenized and lysed. The lysates were clarified by centrifugation at 12,000 x g for 15 min. Protein estimation was performed by Coomassie brilliant blue. The tissue protein was separated by sodium dodecyl sulfate (SDS)/polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride membrane (Millopore, USA). The membranes were blocked for 1 h at room temperature with PBS containing 5% skim milk. Membranes were then incubated overnight with OAT1 and OAT3 antibodies (ABBIOTEC, San Diego, USA); Negative controls were performed without primary antibody. After washing, the secondary antibody was added and incubated 1h at room temperature. After membranes were washed with TBS containing 0.05% Tween 20, the blots were visualized using enhanced chemiluminescence (ECL) immunoblot detection kits (Millopore, USA). Equality of loading was ensured by using a monoclonal antibody to β-actin (Beyotime Institute of Biotechnology, Shanghai, China). Densitometric quantitation was performed using a Bio-Rad VersaDoc imaging system model 5000 with Bio-Rad Quantity One software. Protein expression was quantified as the ratio of specific band to β-actin. Relative protein expression was described as the fold change from the normal control group.
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Statistical analysis
Statistical analyses were conducted by using SPSS 13.0 software. All data were expressed as means ± standard deviation (SD). The significance of differences among experimental groups was determined by analysis of variance (ANOVA) followed by Dunnett's multiple range test. Differences among groups were evaluated by nonparametric test when necessary. A P value < 0.05 was considered statistically significant.
Results
Effects of Si-Wu-Tang and Si-Wu-Tang plus Er-Miao-San on serum and urinary uric acid levels in hyperuricemic rats
The levels of serum and urinary uric acid were shown in Fig. 1 . The hyperuricemic rats showed a significant increase in serum uric acid concentration after one week of oral administration of adenine and potassium oxonate when compared with the normal control rats (P < 0.05). Treatment with Si-Wu-Tang plus Er-Miao-San for 4 weeks lowered serum uric acid level to a greater degree than did Si-Wu-Tang alone (Fig. 1A) . Benzbromarone also decreased the serum uric acid level at the end of 4 weeks of treatment. However, Si-Wu-Tang plus Er-Miao-San induced a greater decrease in serum uric acid level than did benzbromarone (Fig. 1A) . Moreover, treatment with benzbromarone for 4 weeks significantly promoted the urinary excretion of uric acid, while neither Si-Wu-Tang nor Si-Wu-Tang plus Er-Miao-San increased the urinary excretion of uric acid (Fig. 1B ) in hyperuricemic rats. The above results demonstrated that the hypouricemic effect of Si-Wu-Tang plus Er-Miao-San was greater than that of Si-Wu-Tang alone or benzbromarone.
Effects of Si-Wu-Tang and Si-Wu-Tang plus Er-Miao-San on serum creatinine and BUN levels in hyperuricemic rats
At end of 2 weeks of treatment, Si-Wu-Tang plus Er-Miao-San significantly lowered the serum creatinine level when compared with the untreated hyperuricemic rats. SiWu-Tang plus Er-Miao-San decreased serum creatinine level to a greater degree than did . Rats were treated for 4 weeks. Results are expressed as the means ± SD (n = 10). * P < 0.05 vs NC group; # P < 0.05 vs HU group; ■ P < 0.05 vs BM group; ▲ P < 0.05 vs SW group.
Si-Wu-Tang alone. At end of 4 weeks of treatment, both Si-Wu-Tang and Si-Wu-Tang plus Er-Miao-San significantly decreased the serum creatinine level when compared with the untreated hyperuricemic rats ( Fig. 2A) . Moreover, Si-Wu-Tang plus Er-Miao-San significantly . Rats were treated for 4 weeks. Results are expressed as the means ± SD (n = 10). * P < 0.05 vs NC group; # P < 0.05 vs HU group; ■ P < 0.05 vs BM group; ▲ P < 0.05 vs SW group. ; SW, hyperuricemic rats treated with Si-Wu-Tang at 3.78 g·kg
SW+EM, hyperuricemic rats treated with Si-WuTang plus Er-MiaoSan at 6.48 g·kg
Rats were treated for 4 weeks. TCH, total cholesterol; TG, triglyceride. Results are expressed as the means ± SD (n = 10). *P < 0.05 vs NC group; # P < 0.05 vs HU group; ■ P < 0.05 vs BM group; ▲ P < 0.05 vs SW group.
lowered the BUN level at end of 4 weeks of treatment when compared with the untreated hyperuricemic rats, while Si-Wu-Tang plus Er-Miao-San had a substantial greater effect on decreasing BUN level than that of Si-Wu-Tang alone (Fig. 2B) . The above results indicated that Si-Wu-Tang and Er-Miao-San synergistically ameliorated renal impairment in hyperuricemic rats.
Effects of Si-Wu-Tang and Si-Wu-Tang plus Er-Miao-San on serum level of TCH and TG in hyperuricemic rats
Si-Wu-Tang plus Er-Miao-San significantly reduced the serum level of TCH when compared with the untreated hyperuricemic rats, which was evident in as little as 3 weeks after treatment and reached the peak effect at the end of 4 weeks of treatment (Fig. 3A) . Treatment with Si-Wu-Tang plus Er-Miao-San decreased the serum level of TG to a greater degree than did Si-Wu-Tang alone. This effect was evident at the end of 2 week of treatment and reached the peak effect at the end of 4 weeks of treatment (Fig. 3B) .Thus, Si-Wu-Tang plus Er-Miao-San had a substantial greater effect on decreasing TG level than that of Si-WuTang alone.
Effects of Si-Wu-Tang and Si-Wu-Tang plus Er-Miao-San on microalbuminuria and serum XOD activity in hyperuricemic rats
Compared with the normal control rats, hyperuricemic rats exhibited elevated urinary albumin excretion (expressed as the µg/24h). Both Si-Wu-Tang and Si-Wu-Tang plus Er-MiaoSan significantly alleviated microalbuminuria in hyperuricemic rats (Fig. 4A) . This effect was time-dependent, which was evident in as little as 1 week of treatment. Treatment with SiWu-Tang plus Er-Miao-San for 3 weeks decreased the microalbuminuria in hyperuricemic rats to a greater degree than did benzbromarone, however, no difference in urinary albumin excretion was observed between Si-Wu-Tang treated and Si-Wu-Tang plus Er-Miao-San treated hyperuricemic rats (Fig. 4A) . Moreover, hyperuricemic rats showed elevated serum activity of XOD, which was reversed by Si-Wu-Tang, Si-Wu-Tang plus Er-Miao-San and benzbromarone (Fig. 4B) . Therefore, Si-Wu-Tang plus Er-Miao-San significantly lowered microalbuminuria and serum XOD activity in hyperuricemic rats. . XOD, xanthine oxidase; Rats were treated for 4 weeks. Results are expressed as the means ± SD (n = 10). * P < 0.05 vs NC group; # P < 0.05 vs HU group; ■ P < 0.05 vs BM group. . Rats were treated for 4 weeks. 
Effects of Si-Wu-Tang and Si-Wu-Tang plus Er-Miao-San on renal histopathology in hyperuricemic rats
At 4 weeks after adenine and potassium oxonate adminstration, the hyperuricemic rats showed vacuole in renal tubular epithelial cells, tubular dilation and inflammatory cell infiltration in renal tubular. These kidney pathological changes were ameliorated by the treatment of Si-Wu-Tang, Si-Wu-Tang plus Er-Miao-San and benzbromarone (Fig. 5) . As shown in Masson's trichrome staining, the hyperuricemic rats developed tubular dilatation and expansive interstitial fibrosis when compared with the normal control rats. However, both Si-Wu-Tang and Si-Wu-Tang plus Er-Miao-San alleviated the development of renal interstitial fibrosis in hyperuricemic rats (Fig. 6) .
Effects of Si-Wu-Tang and Si-Wu-Tang plus Er-Miao-San on OAT1 and OAT3 expression in hyperuricemic rats
Compared with the normal control rats, the hyperuricemic rats showed reduced expression of OAT1 and OAT3 (Fig. 7) detected by western blot. However, Si-Wu-Tang plus Er-Miao-San significantly increased renal expression of OAT1 (Fig. 7A) and OAT3 (Fig. 7B ) in hyperuricemic rats. Quantitative analysis indicated that the OAT1 and OAT3 protein levels Cellular Physiology and Biochemistry
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were decreased in hyperuricemic rats, which were reversed by Si-Wu-Tang plus Er-Miao-San (Fig. 7C) .
Discussion
It was reported that gout, a common metabolic disorder in human, afflicted more than 2 million men and women in the United States [15] . Gout is also rapidly increasing in China due to recent changes in dietary habits [16] . Therapeutic drugs for gout treatment include the use of non-steroid anti-inflammtory drugs, which temporarily alleviate the symptoms, and of XDH and XO inhibitors, which inhibit the synthesis of uric acid from purines. However, these drugs have side effects and are not be sufficient to completely delay disease progression. Thus, there are high priorities to develop novel and effective therapeutic strategies to treat or prevent hyperuricemia. The novel finding of this study was that the Chinese herbal formulas Si-Wu-Tang and Er-Miao-San synergistically ameliorated hyperuricemia and renal impairment in rats, which was involved in upregulation of OAT1 and OAT3 expression. This conclusion was based upon the following findings: (i) Si-Wu-Tang plus Er-Miao-San lowered serum uric acid, creatinine and BUN levels to a greater degree than did Si-Wu-Tang alone.
(ii) Si-Wu-Tang plus Er-Miao-San ameliorated microalbuminuria and renal histopathology, as well as decreased XOD activity in hyperuricemic rats. (iii) Combination of Si-Wu-Tang and Er-Miao-San also led to a greater increase in OAT1 and OAT3 expression than did Si-Wu-Tang alone. These results clearly demonstrated the combined protective effects of Si-Wu-Tang and Er-Miao-San on hyperuricemia and renal impairment in rats, and then provided a novel therapeutic approach for the treatment of uric acid nephropathy.
This study demonstrated that treatment with Si-Wu-Tang plus Er-Miao-San for 4 weeks significantly decreased the serum uric acid, creatinine and BUN levels levels in hyperuricemic rats. Moreover, Si-Wu-Tang plus Er-Miao-San was more effective than Si-Wu-Tang alone. ; SW+EM, hyperuricemic rats treated with Si-Wu-Tang plus Er-Miao-San at 6.48 g·kg
OAT1, organic anion transporter 1; OAT3, organic anion transporter 3. Rats were treated for 4 weeks. Results are expressed as the means ± SD. * P < 0.05 vs NC group; # P < 0.05 vs HU group; ▲ P < 0.05 vs SW group. 
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Thus, the combined use of the two Chinese herbal formulas (Si-Wu-Tang plus Er-Miao-San) produced mutual enhancement in ameliorating hyperuricemia and renal impairment in rats. It was reported that supplementation with adenine induced hyperuricemia and nephropathy in rats [17] . Previous studies reported that the uricase inhibitor potassium oxonate was used to induce hyperuricemia in rats [18, 19] . Therefore, adenine and potassium oxonate were used to induce hyperuricemia in this study and we found that adenine and potassium oxonate administration resulted in elevated levels of serum uric acid, creatinine and BUN. These results indicated the adenine and potassium oxonate-induced hyperuricemia rat model was successful.
Previus studies demonstrated that xanthine dehydrogenase (XDH) was a cytoplasmic enzyme implicated in hydroxylation of hypoxanthine to xanthine and its oxidation to uric acid and a relevant source of oxidants in vasculature [20] [21] [22] . XDH might undergo limited proteolysis or oxidation of crucial cysteine residues to form the xanthine oxidase (XOD). It has been reported that the traditional Chinese herbal formula Si-Wu-Tang prevents oxidative damage by activating Nrf2-mediated detoxifying/antioxidant genes [23] . Cortex Phellodendri Chinensis and Atractylodes Lancea, the ingredients of Er-Miao-San were reported to have antioxidant and anti-inflammatory activities [24] [25] [26] [27] . The recent study demonstrated that Er-Miao-Wan reduced serum uric acid level and inhibited XDH and XO activities in oxonate-induced hyperuricemia model [14] . In this study, hyperuricemic rats showed a significantly increased in serum XOD activity and serum uric acid level, which was reversed by Si-Wu-Tang plus Er-Miao-San. Therefore, the inhibited effects of Si-Wu-Tang plus Er-Miao-San on serum XOD avtivity were likely to be accountable for its hypouricemic action. Moreover, Si-Wu-Tang plus Er-Miao-San ameliorated microalbuminuria and renal histopathology, as well as decreased serum TCH concentration in hyperuricemic rats. These results clearly demonstrated that Si-Wu-Tang plus Er-Miao-San significantly decreased the serum XOD activity and uric acid level, thus ameliorated structural and functional abnormalities in hyperuricemic rats.
To reveal the mechanisms underlying the hypouricemic action of Si-Wu-Tang plus Er-Miao-San, we investigated the effects Si-Wu-Tang plus Er-Miao-San on OAT1 and OAT3 expression in hyperuricemic rats. Tubular transporters were important for handling of uric acid in renal tubular [28] . Organic anion transporter 1 (OAT1, SLC22A6) and OAT3 (SLC22A8), distributed at the basolateral membrane, were responsible for urate uptake from the blood across the basolateral membrane into proximal tubule cells [29] . The mRNA and protein expression levels of basolateral organic anion transporters OAT1 and OAT3 significantly decreased in hyperuricemic rats [30] . In this study, the hyperuricemic rats also showed reduced protein expression of OAT1 and OAT3 detected by western blot. These observations suggest that OAT1 and OAT3 may play important roles in the impaired urate excretion and hyperuricemia. However, combination of Si-Wu-Tang and Er-Miao-San led to a greater increase in OAT1 and OAT3 expression in hyperuricemic rats than did Siwutang alone. These results clearly demonstrated that the hypouricemic effects of Si-Wu-Tang plus Er-Miao-San were partly through upregulation of OAT1 and OAT3 expression.
In this study the doses of Si-Wu-Tang and Si-Wu-Tang plus Er-Miao-San were calculated by the formula that converts dosage of human into that of rat in terms of the respective body surface areas according to the Chinese Medicine Pharmacology Research Technology (1994). Thus, the doses of Si-Wu-Tang at 3.78 g raw materials/kg/day and Si-Wu-Tang plus Er-Miao-San at 6.48 g raw materials/kg/day were chosen in our study.
Since the combination of potassium oxonate with adenine was previously described in literature to induce the experimental model of uric acid nephropathy [31] , we also used this model to investigate the synergistically proctective effects of Si-Wu-Tang and Er-Miao-San on hyperuricemia and renal impairment in rats. Moreover, adenine that is successfully used for hyperuricemia induction enters unmetabolized into the portal vasculature of the rat and therefore is metabolized in the liver [32] that will determine its impact on uricemia. Previous study demonstrated that modified Siwu Siteng Decoction inhibited the liver xanthine oxidase (XO) activity and decreased serum uric acid in rats induced by hypoxanthine and oxonic
